ABSTRACT. MicroRNAs (miRNAs) are a class of non-coding small RNAs that negatively regulate gene expression at the posttranscriptional level. Although thousands of miRNAs have been identified in plants, limited information is available about miRNAs in Phaseolus vulgaris, despite it being an important food legume worldwide. The high conservation of plant miRNAs enables the identification of new miRNAs in P. vulgaris by homology analysis. Here, 1804 known and unique plant miRNAs from 37 plant species were blast-searched against expressed sequence tag and genomic survey sequence databases to identify novel miRNAs in P. vulgaris. All candidate sequences were screened by a series of miRNA filtering criteria. Finally, we identified 27 conserved miRNAs, belonging to 24 miRNA families. When compared against known miRNAs in P. vulgaris, we found that 24 of the 27 miRNAs were newly discovered. Further, we identified 92 potential target genes with known functions for these novel miRNAs. Most of these target genes were predicted to be involved in plant development, signal transduction, metabolic pathways, disease resistance, and environmental stress response. The identification of the novel miRNAs in P. vulgaris is anticipated to 
search focused on elucidating the regulatory roles of miRNAs in plant growth, organ development, metabolism, and other biological processes in P. vulgaris.
MATERIAL AND METHODS

Mature miRNA query sequences, Phaseolus vulgaris EST, and GSS
A total of 3580 previously known plant mature miRNA sequences from 37 plant species were downloaded from miRbase (http://www.mirbase.org/). After the removal of redundant sequences, the remaining unique miRNA sequences were employed as query sequences to blast against the Phaseolus vulgaris EST and GSS database, which were available online from the National Center for Biotechnology Information (NCBI) GenBank nucleotide databases (http://www.ncbi.nlm.nih.gov/).
Availability of software
BLASTN and BLASTX (http://www.ncbi.nlm.nih.gov/BLAST/) was used to search for P. vulgaris miRNA homologs and to analyze the protein-encoding sequences, respectively. Based on the ClustalW alignments by Codoncode Aligner, the repeated EST or GSS of the same genes were discarded. The Zuker RNA folding algorithm software MFold 3.5 (Zuker, 2003) , which is freely available online (http://mfold.rna.albany.edu/?q=mfold), was used to generate the secondary structures of the RNAs. Target genes for the novel miRNAs were predicted by the web tool psRNATarget (Dai and Zhao, 2011) (http://bioinfo3.noble.org/ psRNATarget/).
Procedure and screening criteria for miRNA identification
The procedure for the identification of potential miRNAs was shown in Figure 1 . Previously known plant miRNAs were screened to remove redundant sequences, and the remaining unique miRNA sequences were used as queries to search for miRNA homologs in P. vulgaris. Searching parameters were set as follows: maximum target sequences for 1000, expect threshold for 10, the remaining parameters were default. All of the EST or GSS, with no more than 4 mismatches against the query sequences, were saved. The repeated sequences of the same genes were discarded by Codoncode Aligner. The remaining sequences were then used to conduct a BLASTX analysis to remove the protein-encoding sequences.
The stem-loop structures of candidate precursor miRNAs were generated by the software MFold 3.5 (Zuker, 2003) , where the default parameters were used. The following criteria were employed to screen the potential P. vulgaris miRNAs or pre-miRNAs: 1) predicted mature miRNAs should have no more than 4 nucleotide mismatches with the known plant miRNAs, 2) pre-miRNA sequence within an EST or GSS could fold into a perfect or near perfect stem-loop hairpin secondary structure, 3) the mature miRNA sequence should be located on one arm of the hairpin structure, 4) no more than 6 mismatches between the potential mature miRNA sequence and the opposite miRNA* sequence were allowed, 5) no loops or breaks in miRNA sequences were allowed, 6) the secondary structures of predicted pre-miRNA should have higher MFEI (minimal folding-free energy index) and negative MFE (minimal free energy) compared to other small RNAs, 7) MFE should be lower than -20 kcal/ mol, while MFEI should be over 0.85, and 8) the content of A+U should be within 30 to 70% (Ambros et al., 2003) .
Prediction of targets for novel miRNAs
Previous studies have demonstrated that most known plant miRNAs bind to their targets with perfect or nearly perfect sequence complementarity (Bartel, 2004) . This phenomenon provides a powerful approach to identify plant miRNA targets by searching for miRNA homologs. In this study, targets of newly identified miRNAs were predicted by the web tool psRNATarget, using the P. vulgaris (Bean) DFCI Gene index (PHVGI) release 3.1 as the sequence library for the target search. The following criteria were used to identify miRNA targets: 1) no more than 4 mismatches were allowed between the mature miRNA and its potential target site; 2) no more than 1 mismatch was allowed at nucleotide positions 1-9; 3) no more than 2 consecutive mismatches were allowed; and 4) no mismatches were allowed at positions 10 and 11.
Phylogenetic analysis of the new miRNAs
Because most plant miRNAs and their precursor sequences are derived from the same gene families, they are strongly conserved and have high sequence identity, even between distantly related species. The evolutionary relationships between the precursor sequences of the novel P. vulgaris miRNAs and their counterparts in the same family from other plant species were analyzed by MEGA 5.1 (http://www.megasoftware.net/mega.php).
RESULTS AND DISCUSSION
Identification of potential miRNAs
The miRNA homology-based EST and GSS blast analyses were conducted by comparing 1804 unique plant miRNAs with the P. vulgaris EST and GSS databases. After searching homology sequences, the redundant sequences of the same genes were removed, and then the protein-coding sequences was removed. This filtering, accordance with the screening criteria, left 828 EST and 765 GSS, which were selected as miRNA candidates. The secondary structures of the candidate miRNA sequences were predicted by MFold 3.5, and finally manually inspected according to the screening criteria described in the methods. Finally, a total of 27 potential P. vulgaris miRNAs, belonging to 24 miRNA families, were identified. Within the 27 predicted miRNAs, 12 miRNAs were identified from the EST and 15 miRNAs from the GSS (Table 1) . Considering the known P. vulgaris miRNAs deposited in the miRNA database, all of the mature miRNA sequences identified in our study were compared with known P. vulgaris miRNAs. The results indicated that only 3 miRNAs had identical sequence with known P. vulgaris miRNAs, with the other 24 miRNAs being newly identified for this species (Table 1) . The miRNAs newly identified in P. vulgaris are shown in red color. NM = No. of mismatch; LM = length of mature miRNAs; LP = length of precursors; MFEs = minimal folding free energies; MFEIs = minimal foldingfree energy indexes. The characteristics of the identified P. vulgaris miRNAs were studied to distinguish miRNAs from other small RNAs, such as miRNA mature sequences, length of mature miRNAs, miRNA location, length of precursors, MFEs, and MFEIs (Table 1 ). The identified P. vulgaris pre-miRNAs were between 68 and 202 nt in length, with an average of 111.37 ± 34.17 nt; however, the majority of the pre-miRNAs (24 of 27 or 88.89%) were 60-150 nt in length (Table 1) . These results matched the lengths of most previously predicted premiRNAs in plant species (Zhang et al., 2007; Unver and Budak, 2009; Barozai et al., 2012; Neutelings et al., 2012) . Although the identified P. vulgaris miRNA precursors were of a wide range of lengths, they could be folded into the typical miRNA secondary structures (Figure 2) . The lengths of these identified mature miRNA sequences ranged from 19 to 24 nucleotides; however, most of the potential miRNAs (17 of 27 or 62.96%) were 21 nt in length (Table  1 ). This length was quite similar to other mature miRNAs already identified in other plants (Zhang et al., 2006a; Xie et al., 2010; Barozai et al., 2012; Neutelings et al., 2012) . The A+U contents of these predicted P. vulgaris pre-miRNA sequences ranged from 30.34 to 68.37%, with an average of 57.95 ± 8.53% (Table 1) , which closely matched the results of previous studies (Ambros et al., 2003; Neutelings et al., 2012) . MFE values are important for evaluating the stability of RNA secondary structures. In general, the lower the MFE, the more stable the secondary structure of an RNA sequence. The MFE values of the identified P. vulgaris miRNA precursors varied broadly from -79.30 kcal/mol to -27.60 kcal/mol, with an average of -49.38 ± 14.95 kcal/mol ( Table 1 ). The MFEI of each potential miRNA precursor was calculated for the precise discrimination of the miRNA from other types of small RNAs (Adai et al., 2005; Zhang et al., 2005) . We found that the precursors of these miRNAs had high MFEIs, ranging from 0.86 to1.54 (Table 1) , with an average of 1.09 ± 0.18. These values were significantly higher compared to those reported for tRNAs (0.64), rRNAs (0.59), and mRNAs (0.62-0.66), indicating that these identified P. vulgaris miRNAs are probably true miRNAs (Zhang et al., 2006b) .
Mature miRNA sequences have been reported to be evenly located on the 2 arms of the stem-loop hairpin structures of potential pre-miRNAs (Gorodkin et al., 2006) . We also obtained the same result in our study for the 27 identified P. vulgaris miRNAs, of which 13 (48.15%) were found to be located on the 5'-arms of the stem-loop hairpin structures, while the other 14 (51.85%) were located on the 3'-arms (Table 1 and Figure 2 ).
Targets of newly predicted miRNAs
The prediction of targets for the identified miRNAs is anticipated to help us elucidate the important function and regulation of these novel miRNAs in P. vulgaris. Most plant miRNAs are perfectly or near-perfectly complementary with their targets (Schwab et al., 2005) . For this reason, searching potential miRNA targets by blasting the mature miRNA sequences against the cDNA or EST database is considered a reliable technique. Nevertheless, several studies have demonstrated that many target genes have 1 to 4 nucleotide mismatches with mature miRNA sequences (Xie et al., , 2011 .
We identified a total of 92 potential targets with known functions for the 13 newly predicted miRNA families in P. vulgaris. The number of potential targets for every miRNA family ranged from 1 (miR398) to 23 (miR5658) ( Table 2) . However, 18 targets with unknown functions have not been listed here. Because a small number of sequences could be employed for target searching, no targets were found for miR168, miR172, miR403, miR408, miR1436, miR2672, miR2919, or miR5205 in P. vulgaris.
The 92 potential targets belonged to several gene families, and had multiple biological functions. A total of 24 predicted targets for new P. vulgaris miRNAs were transcription factors (Table 2 ). In addition to the transcription factors, their predicted targeted genes were involved in a broad range of biological processes, such as abiotic stress response, metabolism, transportation, disease resistance, and signal transduction.
Highly conserved P. vulgaris miRNAs also had conserved miRNA target sites on specific target genes, which was also observed in previous studies of other plants Xie et al., 2010 Xie et al., , 2011 . For example, it has been established that the plant-specific transcription factor, squamosa promoter binding protein, is involved in regulating changes during the early flower development and vegetative phase. In addition, it has been widely accepted that this transcription factor is a conserved target of the miR156 family in plants (Yin et al., 2008; Xie et al., 2011) . In our study, 2 squamosa promoter binding protein-encoding genes were also identified as the targets of miR156 in P. vulgaris ( box binding transcription factors have been reported as targets of the ath-miR169 family in Arabidopsis (Xie et al., 2005) . MtHAP2-1 is a new transcription factor of the CCAAT-binding family, and has been reported to be regulated by miR169 in Medicago truncatula, with miR169 being considered essential for nodule development in M. truncatula (Combier et al., 2006) . We also found 4 CCAAT-binding transcription factor encoding targets for the miR169 family in P. vulgaris (Table 2 ). Recent research revealed that the miR171 family negatively regulates shoot branching and decreases primary root elongation by targeting GRAS gene family members SCARECROW-LIKE6-II (SCL6-II), SCL6-III, and SCL6-IV for cleavage in Arabidopsis (Wang et al., 2010) . Interestingly, MtNsp2, which is targeted by the miR171 family in M. truncatula, encodes a GRAS transcription factor essential for nodule symbiosis signaling (Branscheid et al., 2011) . Here, 2 GRAS transcription factors were predicted to be targeted by miR171 in P. vulgaris (Table2). Previous studies showed that several AUXIN RESPONSE FACTORS (ARFs) were targets for miR167 family in Oryza sativa (Liu et al., 2012) . These ARFs play important roles in plant growth and development, by regulating the expression of auxin-responsive genes. Copper homeostasis is regulated by conserved miR398 in Arabidopsis, whereby miR398 directs the degradation of Copper/zinc Superoxide Dismutase mRNA when copper is limited (Yamasaki et al., 2007) . Nevertheless, these conserved targets were not identified for the miR167 and miR398 families in P. vulgaris, mainly because the sequence information was incomplete. The general transcription factor TFIID contains the TATA-binding protein (TBP) and a set of 13-14 TBP-associated factors (TAFs). TFIID is recruited by the activity of promoters, and possibly repressed genes (Cler et al., 2009) . We predicted that miR414 directed the regulation of TFIID in P. vulgaris. Several other transcription factor groups were also detected as the targets of miR414 (Table 2) , such as, bZIP transcription factor, which is involved in plant development and stress responses (Kaminaka et al., 2006) . F-box/kelch-repeat protein controls the daytime expression pattern of the CONSTANS (CO) protein, and serves as an important regulator of plant flowering (Imaizumi et al., 2005) . TIMING OF CAB EXPRESSION 1 (TOC1) is the critical clock component, and is a transcriptional regulator that binds DNA. TOC1 controls growth and development in Arabidopsis (Gendron et al., 2012) .
MYB domain transcription factors play key regulatory roles in plant developmental processes, metabolism, and responses to biotic and abiotic stress response (Dubos et al., 2010) . MYB transcription factors have been proven to be the targets of miR414 in potato and the model grass species Brachypodium distachyon (Unver and Budak, 2009; Xie et al., 2011) . In contrast, in this study, transcription factor MYB86 was predicted to be the target of miR2595 in P. vulgaris. miR414 and miR5658 targeted zinc finger transcription factors are a superfamily of proteins involved in numerous activities of plant growth and development, and are also known to regulate resistance mechanisms for various biotic and abiotic stresses (Giri et al., 2011) . The basic/helixloop-helix (bHLH) transcription factors that control cell proliferation and cell lineage establishment are potential targets for P. vulgaris miR5658. miR2628 and miR5658 target the mRNA of homeobox-leucine zipper transcription factor, which is reported to regulate leaf polarity and vascular differentiation via the miR165/166 family (Jung and Park, 2007) . Previous studies have revealed that miR444 family members target MADS-box transcription factors that are involved in diverse biological functions, including tolerance to abiotic stresses (Ding et al., 2011 ). Yet, in this study, MADS-box transcription factor was identified as the target of P. vulgaris miR2628.
Some of the newly identified P. vulgaris miRNAs also targeted genes involved in metabolism (Table 2) , such as dioxygenase, acyltransferase, laccase, lipoxygenase, glucosyltransferase, monogalactosyldiacylglycerol synthase, l-lactate dehydrogenase, lipase, squalene monooxygenase, and galactomannan galactosyltransferase. We also found that several novel P. vulgaris miRNAs have complementary sites with the jasmonate zim-domain proteins, anion-selective channel protein, WD repeat-containing protein, gibberellin 20-oxidase, and calcium-regulated forisome (Table 2) . Therefore, all of these genes might play important roles in signal transduction.
Many studies have shown that plant miRNAs are involved in biotic and abiotic stress Gao et al., 2011; Sunkar et al., 2012) . We also identified the stress-related proteins targeted by P. vulgaris miRNAs. For instance, miR2595 and miR5658 also targeted the heat shock proteins that are expressed in response to heat stress, which indicates the important role of these miRNAs during heat stress. Most plant resistance genes (R genes) encode nucleotidebinding site leucine-rich repeat (NBS-LRR) proteins (McHale et al., 2006) . The NBS-LRR resistance protein was predicted to be the target of the P. vulgaris miR5658 family.
Phylogenetic analysis of the new miRNAs
Mature miRNA sequences, along with their corresponding precursor sequences, are highly conserved among different plant species (Zhang et al., 2006a) . This phenomenon provides opportunities for the investigation of evolutionary relationships of miRNAs belonging to the same families in different plant species. To gain further insights about the evolutionary relationships of the newly identified miRNAs and their counterparts in other plant species, the phylogenetic relationships of several conserved P. vulgaris miRNAs with other members from the same families were analyzed by MEGA 5.1, including the miR156, miR167, miR168, miR169, miR171, miR398, and miR408 family. The precursor sequences of these miRNA families were obtained from the miRNA database (Release August 19, 2012, http://www.mirbase.org/).
Phylogenetic trees for 7 conserved miRNA families were constructed based on the premiRNA sequence comparisons. We concluded from the phylogenetic trees that the evolutionary relationships of P. vulgaris miRNAs with their counterparts from diverse plant species differed in different families. For instance, most members of the miR168 and miR408 families from legume plants were clustered into 1 group, indicating that these two families are highly conserved miR169, miR171, and miR398 families from legume plants were clustered into more than 1 group, indicating that these miRNA families might have quickly diverged in legume plants. However, all of the P. vulgaris miRNAs from these families had some counterparts from legume plants on the same branches. For instance, pvu-MIR156 was the most closely related to gma-MIR156b and gma-MIR156f in the plant miR156 family ( Figure 3C ). In comparison, pvu-MIR167, gmaMIR167a, gma-MIR167b, gma-MIR167d, and mtr-MIR167a were clustered into 1 small branch ( Figure 3D ). pvu-MIR169 and mtr-MIR169g were located on 1 small branch ( Figure 3E ). pvuMIR171a, pvu-MIR171b, gma-MIR171m, gma-MIR171n, gma-MIR171p, gma-MIR171t, and mtr-MIR171b formed a small group ( Figure 3F ). pvu-MIR398, gma-MIR398a, gma-MIR398b, and mtr-MIR398a formed a cluster on another small branch ( Figure 3G ). In addition, 2 members of the P. vulgaris miR171 family were closely related on the phylogenetic tree. Overall, these results indicate that different miRNAs might evolve at different rates in the plant kingdom, with some plant miRNA families being more conserved than the others.
